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Background: Reaction cross sections σR are available as a function of incident energy Ein for p scattering on
a 208Pb target. Very lately, we reanalyzed interaction cross sections σI (≈ σR)) for 42−51Ca+12C scattering at
Ein = 280 MeV per nucleon, using the chiral (Kyushu) g-matrix folding model with the densities calculated
with Gongny-HFB (GHFB) with and without the angular momentum projection (AMP). We determined neutron
skin rskin and proton, neutron, matter radii, rp, rn, rm for the σI, using the Kyushu g-matrix folding model.
One of the results is r48skin = 0.164 fm for
48Ca.
Aim: We determine r208skin from the central values of measured σR for p+208Pb scattering, using the Kyushu
g-matrix folding model with the GHFB+AMP densities.
Results: The Kyushu g-matrix folding model with the GHFB+AMP densities reproduces σR in 40 ≤ Ein ≤
180 MeV in one-σ level. The rm(AMP) calculated with GHFB+AMP slightly overestimates the lower bound
5.54 fm of rm(PREX) by 0.3%. We then identify the σR(AMP) with the lower bound of σR(PREX). The
rp(PREX) and rn(PREX) in PREX are most reliable. The rp(AMP) and rn(AMP) slightly underestimate
the central value rp(PREX) =5.45 fm by 0.1% and the central value rn(PREX) =5.78 fm by 3.6%, respec-
tively. The small deviation allows us to scale the GHFB+AMP densities to the central values of rp(PREX) and
rn(PREX). The Kyushu g-matrix folding model with the scaled densities almost reproduces the central values
of σR when Ein = 40 − 81 MeV, so that both the σR(AMP) and σR(PREX) are in one σ of σR there. In
Ein = 40− 81 MeV, we determine the rm from the central values of σR and take the average for the rm. The
averaged value is rm = 5.61 fm, leading to r208skin = 0.25 fm.
I. INTRODUCTION AND CONCLUSION
Direct measurement on neutron skin rskin. Horowitz, Pol-
lock and Souder proposed a direct measurement for neutron
skin rskin = rn− rp [1]. The measurement consists of parity-
violating and elastic electron scattering. The neutron radius rn
is determined from the former experiment, whereas the proton
radius rp is from the latter.
In fact, the 208Pb Radius EXperiment (PREX) [2, 3] yields
rp(PREX) = 5.45 fm, (1)
rn(PREX) = 5.78
+0.16
−0.18 fm, (2)
r208skin(PREX) = 0.33
+0.16
−0.18 = 0.15− 0.49 fm. (3)
The rp(PREX) and rn(PREX) are most reliable at the
present stage, but there is no reliable theory that explains the
central value 0.33 fm.
Now, the PREX-II and the 48Ca Radius EXperiment
(CREX) are ongoing at Jefferson Lab [2]. A result of PREX-II
is predicted by taking 0.33 fm as the central value:
r208skin(PREX II) = 0.33± 0.06 = 0.27− 0.39 fm; (4)
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note that the estimated error 0.06 fm of PREX-II is shown
in the proposal of CREX [2]. The central value of CREX is
unknown, although the expected error is 0.02 fm.
Indirect measurements on neutron skin rskin. As an indi-
rect measurement, the high-resolution E1 polarizability ex-
periment (E1pE) yields
r208skin(E1pE) = 0.156
+0.025
−0.021 = 0.135− 0.181 fm (5)
for 208Pb [4]
r48skin(E1pE) = 0.17± 0.03+0.025−0.021 = 0.14− 0.20 fm (6)
for 48Ca [5]. In our previous work, we determined r48skin =
0.164 fm as a central value [6].
The reaction cross section σR is a standard way of deter-
mining matter radius rm. One can evaluate rskin and rn de-
duced from the rm and the rp(exp) [7] determined by the
electron scattering. The σR were measured for p+208Pb scat-
tering in Refs. [8–10]. As far as we know, there is no σR for
12C+208Pb scattering.
Very lately, Tanaka et. al. measured interaction cross
sections σI(≈ σR) for 42−51Ca+12C scattering at 280 MeV
per nucleon in RIKEN [11], and determined rskin(σRIKEN),
rm(σRIKEN), rn(σRIKEN), rp(exp) for 42−51Ca, assuming
the Wood-Saxon density for the Ca isotopes; Table ?? for the
numerical values. In our previous work [6], we reanalyzed the
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2σI with the chiral g-matrix folding model with the densities
calculated with Gongy D1S HFB (GHFB) with the angular
momentum projection (AMP), and determined rskin(AMP),
rm(AMP), rn(AMP) for 42−51Ca. One of the results is
r48skin = 0.164 fm as a central value.
Folding model: The g-matrix folding model is a standard
way of deriving microscopic optical potential for not only
proton scattering but also nucleus-nucleus scattering [12–21].
Applying the folding model with the Melbourne g-matrix [15]
for interaction cross sections σI for Ne isotopes and σR for
Mg isotopes, we discovered that 31Ne is a halo nucleus with
large deformation [22], and deduced the matter radii rm for
Ne isotopes [23] and for Mg isotopes [24].
Kohno calculated the g matrix for the symmetric nuclear
matter, using the Brueckner-Hartree-Fock method with chiral
N3LO 2NFs and NNLO 3NFs [25]. He set cD = −2.5 and
cE = 0.25 so that the energy per nucleon can become mini-
mum at ρ = ρ0. Toyokawa et al. localized the non-local chiral
g matrix into three-range Gaussian forms [20], using the local-
ization method proposed by the Melbourne group [15, 26, 27].
The resulting local g matrix is called “Kyushu g-matrix”.
The Kyushu g-matrix folding model is successful in repro-
ducing σR and differential cross sections dσ/dΩ for 4He scat-
tering in Elab = 30 ∼ 200 MeV per nucleon [20]. The suc-
cess is true for proton scattering at Elab = 65 MeV [18]. In
Ref. [21], we have applied Gongy D1S HFB (GHFB) with
and without the angular momentum projection (AMP) for Ca
isotopes, and find that effects of the AMP are small for Ca iso-
topes. Using the Kyushu g-matrix folding model with the den-
sities calculated with GHFB and GHFB+AMP, we predicted
σR for 42−52Ca scattering on a 12C target at Elab = 280 MeV
per nucleon. GHFB and GHFB+AMP reproduce the one-
neutron separation energy S1 and the two-neutron separation
energy S2 in 41−58Ca [28–30]. Using S1 and S2, we found
that 64Ca is an even-dripline nucleus and 59Ca is an odd-
dripline nucleus. Our results are consistent with the data [28]
in 40−58Ca for the binding energy EB. We then predicted
rskin, rp, rn, rm for 40−60,62,64Ca.
Aim: Our aim is to determine a central value of r208skin from
the central values of measured σR for p+208Pb scattering, us-
ing the Kyushu g-matrix folding model with the GHFB+AMP
densities.
Results: The Kyushu g-matrix folding model with the
GHFB+AMP densities reproduces σR(EXP) in 40 ≤ Ein ≤
180 MeV in one-σ level. The rm(AMP) calculated with
GHFB+AMP overestimates the lower bound 5.54 fm of
rm(PREX) only by 0.3%. This allows us to identify
the σR(AMP) with the lower bound of σR(PREX). The
rp(AMP) and rn(AMP) slightly underestimate the central
value rp(PREX) =5.45 fm by 0.1% and the central value
rn(PREX) =5.78 fm by 3.6%, respectively. Small devi-
ation makes it possible to scale the GHFB+AMP densities
to the central values of rp(PREX) and rn(PREX). The
Kyushu g-matrix folding model with the scaled densities al-
most reproduces the central values of σR(EXP) when Ein =
40−81 MeV. Eventually, both the σR(AMP) and σR(PREX)
are in one σ of σR(EXP) when Ein = 40 − 81 MeV. In
Ein = 40 − 81 MeV, we determine the rm(EXP) from the
central values of σR(EXP) by using σR(EXP) = cr2m(EXP)
with c = σR(PREX)/rm(PREX)2, and take the average for
the rm(EXP). The averaged value is rm(EXP) = 5.61 fm,
This leads to the central value r208skin(EXP) = 0.25 fm, since
we use rp(PREX) = 5.45 fm.
Conclusion: Our conclusion is that the central value of
r208skin(EXP) is 0.25 fm
II. MODEL
Our model is the Kyushu g-matrix folding model [20] with
densities calculated with GHFB+AMP [21]. The folding
model itself is clearly shown in Ref. [17]. The Kyushu g-
matrix is constructed from chiral interaction with the cutoff
550 MeV. As a way of the center-of-mass correction to den-
sities, we use the method of Ref. [23], since the procedure is
quite simple.
III. RESULTS
Figure 1 shows reaction cross sections σR as a function
of Ein for p+208Pb scattering. The Kyushu g-matrix fold-
ing model with the GHFB+AMP densities (circles) repro-
duces reaction cross sections σR(EXP) in one-σ level [8–
10]. The results show that our framework is reliable. We
then scale the proton and neutron densities so that the proton
and neutron radii, rp(AMP) and rn(AMP), calculated with
GHFB+AMP may agree with the central values of rp(PREX)
and rn(PREX). The Kyushu g-matrix folding mode with the
scaled densities (squares) are in one σ forEin = 40−81 MeV.
In Ein = 40 − 81 MeV, we determine the rm(EXP) from
the central values of σR(EXP) and take the average for the
rm(EXP). The averaged value is rm(EXP) = 5.61 fm. Us-
ing rm(EXP) = 5.61 fm and rp(PREX) = 5.45 fm, we can
get r208skin = 0.25 fm.
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